Two procedures are described for the extraction of autolysins from whole cells. One method uses 5 M LiCl at 4 C. The amount of enzyme obtained by this method is six times more than that obtained by autolysis of cell walls and fourteen times more than that obtained by extracting cell walls with LiCl. With the other method, cells are extracted with 2% Triton X-100. This is less efficient than the LiCl method but yields about one-half the amount of enzyme obtained by cell wall autolysis and about the same amount as obtained by extracting cell walls with salt. Both procedures yield autolysin with multiple pH optima. Autolysins can be extracted from several bacterial species by either the LiCl or the detergent method. The data suggest that these techniques have sufficient sensitivity to detect small differences in autolytic activity among mutants and various organisms and are also suitable for large-scale isolation of autolysin for purification and characterization studies.
For many years bacteriolytic enzymes were considered almost exclusively as agents for the study of cell wall structure (8) . Recently, evidence has been accumulated which suggests that at least one class of lytic enzymes, autolysins, might have precise roles in bacterial growth. This concept has evolved primarily from morphological and biochemical studies which show their localization at the developing cell septum (17, 18) and from physiological experiments in which cells with impaired autolysins fail to separate (6) . One important aspect of recent studies is that several organisms are now known to have two or more autolysins with different specificities (2, 6, 19) . This raises questions regarding the role(s) of each enzyme and the manner in which their respective activities are coordinated during cellular growth. One promising approach to this problem is the analysis of mutants which lack specific autolysins or which have defective substrates (12, 21) . However, there is a need for rapid methods of extracting autolysins from cells so that the properties of various mutants can be compared. Ideally, such methods would have sufficient sensitivity to detect small differences in activity among various mutants and at the same time be suitable for the large-scale isolation of autolysin for purification and characterization studies. This idea seemed more feasible when it was reported that autolysins can be removed from cell walls by highly concentrated salt solutions (13) . However, preparation of cell walls is time consuming, requires relatively large amounts of starting material, and results in excessive losses of autolysin. In this study these difficulties are minimized by employing whole cells as starting material. This paper describes two methods for extracting autolysins from bacteria: (i) using a highly concentrated salt solution, and (ii) using a nonionic detergent. Both methods are rapid, efficient, highly sensitive, and can be applied to several different bacterial species.
MATERIALS AND METHODS
Organisms. The test organism used in this study was Bacillus subtilis SR22, an asporogenic, proteasenegative mutant of B. subtilis 168 trpC2 (10 The cell walls were sedimented at 10,000 x g and washed twelve times with distilled water. Assay of lytic activity. Lytic activity was measured turbidimetrically with a Beckman DB-GT spectrophotometer equipped with a Beckman recorder. The decrease in absorbance was recorded from the 0 to 1A scale with the recorder set for 10 mv sensitivity. With these settings, 0.1 absorbance unit was expanded full scale. Unless otherwise specified, the standard reaction mixture contained the following in a total volume of 2.0 ml: 500 iM MgCl2, 2.0 mg of substrate cell walls, and either 50 mm ammonium acetate (pH 6.0), 50 mM tris(hydroxymethyl)-aminomethane (Tris)-hydrochloride (pH 8.0), or 50 mM glycine buffer (pH 9.5). The reaction was initiated by the addition of enzyme preparation and incubation at 37 C. One unit of activity was defined as the amount which caused a change in absorbance of 0.001/min at 600 nm.
Extraction of autolysin from cells and cell walls. Autolysin was extracted from cells by making a 2.5% suspension (w/v, dry weight) or 5% suspension (w/v, wet weight) of cells in 5 M LiCl or 2% Triton X-100. The suspension was kept at 4 C for 1 hr or 2 hr in the case of Triton X-100 extractions. Samples were centrifuged at 14,000 x g for 15 min. The pellet was discarded. Extraction of cell walls was achieved by using a 2% (w/v) suspension of lyophilized cell walls in cold 5 M LiCl or 2% Triton X-100. These samples were further treated in the same manner as the whole-cell suspension.
Efficiency of release of autolysin from cells and cell walls. The efficiency of autolysin release was based on the amount of enzyme present in one gram of whole cells. Whole cell extraction: cells were suspended in 50 mm Tris buffer, pH 8 .0, at a concentration of 2.3% (w/v). This suspension was incubated at 37 C for 2 hr and then centrifuged at 14,000 x g for 15 min. The autolysate was assayed against substrate cell walls. The total activity present in this whole-cell autolysate was considered the maximum obtainable and was normalized to 1.0 g. The total activity found in 5% (w/v) salt and detergent extracts was calculated similarly and expressed as a percentage of the activity in whole cell autolysates. Cell wall extraction: when B. subtilis SR22 is used as starting material in this laboratory, only 2 to 5% of the cell dry weight is recovered as cell walls. Thus, a maximum of 50 mg of cell walls is routinely recovered from 1.0 g of cells. In this experiment the relatively small amount of enzyme activity, obtained from 50 mg of cell walls in contrast with the larger. amount extracted from 1.0 g of cells,
reflected the large loss of activity due to the manipulations of cell wall preparation. When 50 mg of cell walls was used as starting material, the total activity obtained from autolysates or from salt and detergent extracts was expressed as a percentage of the activity obtained from 1.0 g of cells.
RESULTS
Release of autolysin from cells by solutions of high salt concentration. The studies of Pooley, Poores-Juan, and Shockman showed that the autolysin of Streptococcus faecalis could be released and thus solubilized by solutions containing unusually high concentrations of salt (13) . Subsequently, Fan reported similar findings with cell walls of one strain of B. subtilis (4) . Experiments were designed in this laboratory to determine if this technique could be applied to whole cells. In initial experiments, exponential-phase cells were suspended in aqueous solutions containing various concentrations of LiCl. After incubation at 4 C for 2 hr, samples were removed and tested for their lytic activity against substrate cell walls. As shown for cell walls by the other investigators, the amount of autolytic activity released from whole cells of B. subtilis SR22 was dependent on the concentration of LiCl (Fig. 1) . Similar results were obtained for NaCl. Concentrations of salt greater than 5 M were not employed. For maximum effectiveness, cells were suspended at a concentration of 5% (w/v, wet weight) or 2.5% (w/v, dry weight). During the assay, it was necessary to keep the ionic strength between 0.1 and 0.2. For example, with the 5 M LiCl sample, we assayed 50-,uliter portions in a total volume of 2 ml. After removal of autolysin, the residual rate of autolysis of the cells was sixfold lower than that of untreated cells (Fig. 2) . This indicated an almost complete removal of autolysin from cells by this process. Earlier we reported that ysis (2) . The three autolytic activities were released simultaneously by a 5 M LiCl solution (Fig. 3) . When this extract was incubated with substrate cell walls, both N-terminal and reo / ducing groups were liberated at pH 6.0 and 8.0 whereas only N-terminal groups were liberated at pH 9.5 (unpublished data). lytic activity. The results were similar to those 1. Activity of autolysin prepared from B.-found for the salt solutions in that the release of [s SR22 whole cells by increasing concentra-f of LiCI. Cells were suspended (2.5% w/v, dry autolysin was dependent on detergent concent) in cold LiCI. After 1 h at 0 to 4 C the cells tration (Fig. 4) . In a second type of experiment, emoved by centrifugation. Samples (50 Mliters) the detergent extracts were examined for the extract were tested for lytic activity against presence of multiple activities. As expected, ate cell walls in 50 mM Tris buffer, pH 8.0.
the three activities were released simultaneously (Fig. 5) Efficiency of release of autolysin from cells by salt and detergent. The fact that autolysin was released from cells by salt and detergent suggested that the use of cells as starting material would offer greater efficiency and flexibility than was obtained by previous procedures in the laboratory with cell walls (1). Therefore, an experiment was designed to compare the release of autolysin from cell walls or cell wall autolysates. It was assumed that the maximum activity obtainable from cells would be the amount recoverable in an autolysate from 1.0 g of cells. Accordingly, the enzyme extracted from equivalent quantities of cells or cell walls would represent a fraction of this amount. Table 1 summarizes the results of this experiment. One interesting finding was that the amount of enzyme extracted from whole cells by LiCl was greater than the amount found in the crude autolysate. This was not an artifact but was observed regularly. The reasons for this observation are not known, but this points out one of the problems in using whole cell autolysates as a standard. Nevertheless, this approach did allow an approximation of the relative efficiency of the various methods. It is clear from these data that LiCl extraction of whole cells was the most efficient method for the preparation of autolysin. The amount of activity obtained was sixfold higher than that obtained by autolysis of cell walls and 14 times more efficient than extraction of cell walls by salt. Extraction with Triton X-100 was substantially less efficient than LiCl extraction. Nevertheless, the yield of autolysin from detergent extraction was at least half that obtained by cell wall autolysis and yielded about the same amount of activity as extrac- 
DISCUSSION
It has been reported that autolysins occur in several diverse bacteria and in some cases they are tightly bound to the cell wall (reviewed in reference 9). Basically, two approaches have been used for solubilizing the enzymes. One is to allow autolysis of cell walls in the appropriate buffer followed by recovery of the enzyme from the mixture after centrifugation (1, 4, 18) . The other is extraction of cell walls with strong salt solutions (13, 4) . A major disadvantage of the first approach is that the procedure requires that the enzyme react chemically with the substrate. Thus, further purification of the enzyme is compounded by its asso- ciation with complex polymers of the cell wall (1). Both approaches are relatively inefficient and uneconomical. Preparation of cell walls is time consuming, and the manipulations required to free the cell walls from cytoplasmic constituents probably lead to excessive losses in cell walls. Consequently, the final yield of autolysin is far less than expected. For example, with the standard strain used in this study only 2 to 5% of the cell dry weight is recovered as cell walls, yet the cell wall accounts for about 20% by weight for most gram-positive organisms (15) . In another study it was reported that the amount of autolysin extracted from B. subtilis cell walls by salt was equivalent to the enzyme present in the cell walls of one-ninth of the cells (5) . The data in Table 1 suggest that the extraction of whole cells is more efficient than the procedures published previously (1, 4, 16) . One significant advantage of this technique is its sensitivity. It is now possible to isolate autolysin from as little as 50 mg of cells. This amount can be obtained conveniently from 50 to 100 ml of exponential-phase cells. This provides a rapid type of analysis and should make possible the screening of a large number of bacteria or mutants in a single day. In addition, the adaptability of this technique to large-scale operations should aid purification efforts tremendously. The autolysins are present in this organism in minute concentrations (unpublished data), a factor which has severely limited the accumulation of data on the chemical and physical properties. We can now examine six times more enzyme in a single experiment than we could previously. A variation on this technique is that large batches of cells can be extracted with salt or detergent to obtain autolysin, and the residual cells can be converted into cell walls for use as substrate. Thus, the potential is realized for an even greater efficiency in the study of autolysins. No studies have been made to date on the chemical composition of the whole-cell extract. In view of the known problems (1) in purifying autolysins from this organism it would be interesting to compare the properties of the enzyme prepared from cell wall autolysates.
Removal of enzymes from intact cells by hypertonic conditions has been reported by other workers. For example, acid phosphatase is extracted from Saccharomyces mellis by highly concentrated KCl (22) . Similarly, the acid phosphatase and penicillinase are removed from S. aureus by strong KCl solutions (3, 11) . Wood and Tristram reported the solubilization of alkaline phosphatase from intact B. subtilis under similar conditions (23) . Recently, it was reported that autolysins can be solubilized from B. licheniformis membranes and those of its L-form by nonionic detergents (7) . However, the use of salt or detergent for the isolation of autolysin from intact cells has not been reported previously. It would be interesting to determine if other cell wall related enzymes are similarly solubilized by these reagents.
The release of autolysins from intact cells by the simple procedures described should facilitate the purification of these enzymes.
